Research indicates that glucocorticoids affect hippocampal function and the form of cognition that the hippocampus is
Findings from multiple levels of investigation indicate that glucocorticoids alter hippocampal function. Molecular studies in rodents demonstrate that the hippocampus has a disproportionately large number of glucocorticoid receptors and retains glucocorticoids to a greater extent (McEwen et al. 1968; McEwen et al. 1969; Aronsson et al. 1988; Sousa et al. 1989) . Similarly, analysis of human hippocampal tissue from epilepsy and post-mortem samples also indicate that this structure contains high levels of glucocorticoid receptors (Seckl et al. 1991; Watzka et al. 2000a,b) . At the neuronal level, chronically high levels of glucocorticoids damage hippocampal cells (Sapolsky et al. 1985 (Sapolsky et al. , 1990 Woolley et al. 1990 ) and hippocampal neurons evidence reduced plasticity in the presence of this hormone (Foy et al. 1987; Shors et al. 1990; Shors and Thompson 1992) . Imaging studies with humans, who hypersecrete cortisol, present reduced hippocampal volume, but no other neural alterations are apparent (Starkman et al. 1992; Lupien et al. 1998 ). In addition, following treatment to alleviate the hypersecretion, hippocampal volume increased by 10% and the increase in size was associated with the decrease in urinary free cortisol (Starkman et al. 1999) . Moreover, acute exposure to glucocorticoids decreases activity in the hippocampus, while no changes were detected in other structures (de Leon et al. 1997) .
N EUROPSYCHOPHARMACOLOGY 2002 -VOL . 26 , NO . 4 Meanwhile, many behavioral studies link the hippocampus to explicit memory (Zola-Morgan et al. 1986; Alvarez et al. 1995; Stern et al. 1996; Zola et al. 2000) and glucocorticoids influence this cognitive process (Starkman et al. 1992; Newcomer et al. 1994; Lupien et al. 1998; Newcomer et al. 1999) . Explicit memory involves the intentional recollection of past experience and can be assessed with recognition or recall tests (Schacter 1994) . Objects and faces are typical stimuli for evaluating explicit memory and hippocampal function. Indeed, some argue that the hippocampus may be more responsive to nonverbal stimuli, because they are often more perceptually complex (Stern et al. 1996) . In particular, positron emisson tomography (PET) revealed hippocampal activation in an object recognition task (Schacter et al. 1995) and the right hippocampus was activated during the encoding of novel faces (Grady et al. 1995; Haxby et al. 1996) . In an investigation using intracranial event-related potential (ERP) recordings, the hippocampus was activated during an object recognition memory task (Guillem et al. 1998) . Consistent with these findings, healthy participants who received a high dose (160 mg a day for 4 days) of cortisol were impaired in immediate and delayed explicit memory (Newcomer et al. 1999) . Similarly, 10 mg of cortisol impaired performance in an explicit memory task as well as a mental rotation task (Kirschbaum et al. 1996) . Taken together, these studies indicate that the hippocampus is involved in explicit memory, that both objects and faces are effective stimuli for activating this structure, and that cortisol affects explicit memory function.
However, glucocorticoids may not only affect the hippocampus and explicit memory. Glucocorticoid receptors reside in the frontal cortex (Meaney 1985; Diorio et al. 1993; Watzka et al. 2000b ). Indeed, one study with rhesus monkeys found glucocorticoid receptors were present in high levels in structures such as the cerebellum and the hypothalamus, but were only weakly detected in the hippocampus (Sanchez et al. 2000) . Moreover, glucocorticoids may affect other cognitive functions, including working memory, attention and inhibitory control. In particular, a high dose of hydrocortisone led to impairments in a working memory task (Lupien et al. 1999 ) and other studies revealed that patients who suffered prolonged exposure to high levels of cortisol show attentional impairments in addition to a mnemonic disruption (Mauri et al. 1993; Lupien et al. 1994) . Finally, glucocorticoids may also influence emotion. Prednisone was administered to healthy males for four consecutive days and self-reported negative emotion increased on the fourth day only (Schmidt et al. 1999) .
Event-related potentials (ERPs) offer a noninvasive approach for monitoring overall neural functioning. Several ERP components are linked to various cognitive functions and neural structures. The P3b, a type of P300 that is a positive waveform occurring approximately 300 ms following stimulus onset, is associated with working memory as well as attention (Squires et al. 1975; Donchin and Coles 1988; Ruchkin et al. 1990 ) and is generated by multiple structures including the parietal, temporal and frontal cortices (reviewed in McCarthy and Wood 1987; Knight et al. 1998) . The P600 (also referred to as the late positive component, the repetition effect, and the memory evoked shift) occurs between 500-800 ms following stimulus presentation and is linked to recognition memory (Paller et al. 1988 (Paller et al. , 1999 Smith 1993) . Moreover, this component may be partially generated by the hippocampus. Using intracranial ERP recordings in the hippocampus, patients with Ammon's horn sclerosis evidenced reduced amplitude in the positive waveform measured between 300 and 700 ms following stimulus presentation in a recognition memory task . Similarly, in an explicit memory task with indwelling electrodes, the hippocampus elicited more activity for remembered items than non-remembered items between 600 and 2000 ms following stimulus onset (Fernández et al. 1999) . In another investigation using intracranial ERP recordings, the authors describe detection of a P600 in the hippocampus in an object recognition memory task (Guillem et al. 1998) . Recently, Düzel and colleagues (2001) recorded scalp ERPs from an individual who sustained isolated bilateral hippocampal and parahippocampal damage early in life and documented an absence of the P600 in response to previously seen words. Finally, the N400 is a negative component generated 400 ms following stimulus onset; it is greater for novel stimuli Knight 1995, 1997) and there is some evidence to suggest that it is linked to hippocampal activation (Guillem et al. 1998) .
In the present investigation, participants received hydrocortisone in one visit and a placebo in another. Explicit memory, working memory and attention tasks were given while behavioral performance and ERPs were measured. The explicit memory task involved two components: (1) in the short-term memory (STM) task, the stimuli were initially presented and displayed again following a 6-18 s delay; (2) for the long-term memory (LTM) task, stimuli from the STM task were presented again along with novel stimuli after a 30 min delay. In both tasks, participants determined which stimuli were new and which were repeats. Since the delay duration of the STM task was within the capacity of working memory (Smith and Jonides 1998) , performance did not necessarily measure explicit memory. However, the STM task can be considered the encoding phase for explicit memory and the LTM task is the test of explicit memory. There were separate STM and LTM explicit memory tasks with faces and objects. For the working memory task, a "2-back" task was used. As in explicit memory, faces were presented in one compo-nent and objects in another. In the attention task, a letter or number was presented for a very short duration and subjects were asked to press one button for the target stimulus and another button for nontarget stimuli. In addition, blood pressure, pulse and mood were monitored.
It was predicted that hydrocortisone would disrupt explicit memory performance as measured behaviorally in the LTM task. Furthermore, hydrocortisone would alter the P600 ERP component at STM task as well as the LTM task, and hydrocortisone would influence the N400 component at STM. Moreover, we also predicted that the P600 would be greater for previously seen stimuli in the STM as well as the LTM tasks; the N400 would be greater for the novel stimuli in the STM tasks; and target stimuli in the working memory and attention tasks would yield greater P3b components. Finally, correlational analysis was conducted between the behavioral and physiological measures that were affected by hydrocortisone. In particular, following work demonstrating that the P600 during incidental encoding predicted later memory (Paller et al. 1987 (Paller et al. , 1988 , it was predicted that the P600 amplitude would be related to explicit LTM performance.
METHODS

Participants
Twenty-six healthy, right-handed adult subjects between the ages of 18 and 34 years participated in this study. The data from one participant were excluded from analysis due to a bad mastoid electrode and another participant was excluded because of an injury between visits that necessitated the use of pain medication, leaving 24 subjects (12 women). Subjects were excluded from participation for any of the following reasons: use of glucocorticoids (last 3 years), hormonal birth control, or psychotropic medication; current or past diagnosis of any psychological disorder (including depression, anorexia or bulimia); head injury involving loss of consciousness for five or more minutes; pregnancy; weight that was 15% more or less than the ideal body weight for height; use of tobacco; abnormal sleep pattern (defined as less than 6.5 h of sleep a night and/or falling asleep after 2:00 A . M . and/or waking up after 11:00 A . M .); consumption of more than 10 alcoholic drinks in an average week; and exercise regimen in excess of 10 h per week. Furthermore, subjects were asked to schedule their participation at a time remote from major stressors (i.e., exams, rigorous exercise, or recent air travel across more than one time zone), to avoid alcohol on the day of the appointment, and to refrain from eating or exercising two hours before the study was to begin. In addition, female subjects were asked to schedule their participation in the first two weeks of their menstrual cycle. Finally, in order to control for circadian rhythms, testing of all subjects began at 2:00 P . M . and ended at 5:00 P . M ., a period of relatively low cortisol levels.
Tasks
Explicit Memory . There were two recognition memory tasks (one with faces and the other with objects) and each was comprised of two phases. During the first phase, subjects saw a sequence of images on the computer screen. The stimuli were presented for 500 ms and the duration between stimulus presentations varied randomly between 2100 and 2600 ms for this and the other memory tasks. There were 60 trials in the faces task and 90 trials in the objects task. Within these trials, 30 novel stimuli were presented along with 30 repeats (i.e., each of the 30 stimuli were presented twice across the 60 trials) and, in the objects task only, there were 30 similar distractors (described below). The repeated stimuli were presented 6 to 18 s (2-6 trials) after the first presentation of that particular stimulus. Subjects were given a button box and instructed to press the left button with their right thumb for novel stimuli, and to press the right button with their right thumb for repeat stimuli. The experimenter did not indicate to the subject when the second presentation of the stimulus might occur, nor was the subject informed about how many trials there would be. Therefore, by necessity in a continuous performance task with the specified minimum and maximum delay for repetition, the first two trials must contain novel stimuli and the last two trials must have repeat stimuli. However, while the subjects knew that the first trial must contain a novel stimulus, they were not aware that the second trial would be novel. Further, since they did not know the number of trials in the tasks, they could not anticipate when the last trial would occur, which must have a repeat stimulus. In addition, subjects were told that these stimuli would be presented again after a half hour delay and they would be asked to identify the stimuli as novel or repeats following the long delay.
After the initial phase, there was a 30-min delay. During this period, the working memory task and the attention task were administered (described below). Following the delay, the explicit memory task was given. In the faces task, there were 60 trials and 30 contained the 30 stimuli that they saw 30 min before and the other 30 trials contained 30 novel stimuli. For objects, there were 90 trials; 30 contained the same stimuli that subjects saw 30 min before, 30 were novel and 30 were similar distractors (described below). Subjects were instructed to press the left button with their right thumb to indicate a novel stimulus and press the right button with their right thumb to identify the stimulus as a repeat.
N EUROPSYCHOPHARMACOLOGY 2002 -VOL . 26 , NO . 4 Working Memory. The working memory task was modeled after the fMRI work of Cohen et al. (Cohen et al. 1994 ), but different types of stimuli were used. Separate tasks for faces and objects were provided and each task was divided into two phases of 3-min blocks. Six stimuli were repeatedly presented across 60 trials per phase. Subjects pressed the right button with their right thumb when they believed that the stimulus matched the one they saw two trials before and pressed the left button with their right thumb when it did not. Six seconds elapsed between two trials and so participants were only required to maintain a memory for the previous 6 s, but this information had to be continuously updated. The working memory task with faces and the task with objects each contained 30 trials where the stimulus was the same stimulus that was presented 2 trials before. These were the target trials. The remaining 90 trials in each block were nontarget distractors .
Attention. In the attention task, letters and numbers were sequentially presented for 35 ms and this was immediately followed by a mask ("X"), which was presented for 857 ms. One stimulus was the target and subjects were to press the right button with their right thumb whenever it appeared. When any of the other stimuli were presented, subjects were to press the left button with their right thumb. The inter-stimulus interval varied randomly between 1065 ms and 1565 ms for this task. Participants were given this task twice during each visit at different points of the cognitive testing. Each phase contained 120 trials, 30 of which contained the target stimulus; the other 90 contained nontarget distractors (45 similar distractors; 45 dissimilar distractors).
Stimuli. For all memory tasks, the stimuli were images of everyday objects (e.g., a phone) and women's faces presented on a computer screen. All stimuli were of equal size (6.5 cm ϫ 6.5 cm) and subtended a visual angle of 4.65 Њ ϫ 4.65 Њ . In addition, each picture of the objects had two similar pictures, which acted as distractors. Thus, in the test of short-term memory, a picture was presented (e.g., a push button phone) and the subject was to identify it as a new picture. This picture was then presented again within the next 6-18 s and the subject was to identify it as a repeat. However, either before or after the second presentation of the same stimulus (half were before and half were after), a similar picture was presented (e.g., a cordless phone) and the subject was instructed to identify this image as new. Similarly, in the test of long-term memory, the original stimulus (e.g., push button phone) was presented again following a half hour delay and the participant was to identify it as a repeat. Again, either before or after the repeat was presented, another similar stimulus was presented (e.g., a cellular phone) and the subject was to identify this as new.
Face and object stimuli were counterbalanced across drug condition and gender, and they were used equally often as the repeated stimuli and the distractors. In addition, a different set of 6 faces and 6 objects (2 sets of 3 similar objects) for each subject were drawn from a pool of available stimuli for the working memory tasks with faces and objects.
The attention task utilized the characters b, d, p, q, A, 1, and 7. The stimuli were approximately 3 cm ϫ 3 cm and subtended a visual angle of 2.15 Њ ϫ 2.15 Њ . The target stimulus was b, d, p or q for each subject (the target stimulus was counterbalanced across subjects, drug order and gender) and the other three served as the similar distractors, while the A, 1, and 7 were the dissimilar distractors.
Procedure
Participants arrived at 2:00 P . M . and were asked to sit and relax for half an hour to ensure that their walk to the lab did not alter the physiological measures. During this half hour delay, all procedures were described and a consent form was then provided for signing. After the half-hour rest period, subjects then provided a saliva sample to give a baseline measure of cortisol. In addition, pulse and blood pressure were measured. Finally, the Positive and Negative Affective Schedule (PANAS; Watson et al. 1988 ) was also given four times during the procedure. This questionnaire asked subjects to rate themselves on feelings of anxiety, depression and alertness. These measures of cortisol, pulse, blood pressure and mood were taken three times during the procedure: baseline, once in the middle of the cognitive tasks and then at the completion of the tasks. In addition, the PANAS was administered an additional time at baseline. The first time, subjects were asked to rate how they felt in general. Then, subjects were asked to rate how they felt at the moment. In the two other administrations of the PANAS, subjects were asked about their mood at the moment.
Following the administration of the baseline measures (salivary cortisol, pulse, blood pressure and PANAS), a nurse administered 30 mg of hydrocortisone orally during one visit and a placebo during the other visit (the two visits were separated by at least two days). This level of hydrocortisone was chosen, as it was thought to approximate a peak physiological response. Half the women and half the men received the hydrocortisone in the first visit and the other half received the hydrocortisone in the second visit. Investigational Pharmacy at the University of Minnesota determined the randomization for the drug schedule. For the first six subjects, Investigational Pharmacy provided the experimenter with two bottles of capsules. One bottle was labeled "red" and the other labeled "blue." Investigational pharmacy instructed the experimenter which bottle to provide to each subject on visit 1 and 2. For the remaining 18 subjects, Investigational Phar-macy provided two bottles of pills for each subject. One bottle was labeled "visit 1" and the other was labeled "visit 2." The experimenter, the nurse and the participant were blind to the drug treatment. Following this, subjects waited 45 min in order to allow the drug to take effect. After the tasks and other measures were completed, subjects filled out a questionnaire to determine if they felt they were exposed to hydrocortisone.
Between the short-term memory task and the explicit memory task for the faces and objects, respectively, there was a 30-min delay. During this period, the working memory task for the other type of stimulus was given (e.g., if the subject had faces for the explicit memory task, s/he was given objects for the working memory task) and the attention task was provided. Half the female and male subjects received the explicit memory task for faces first with the working memory task for objects during the delay and the other half received the explicit memory task for objects first with the working memory task for faces during the delay. In addition, half the female and male subjects received the attention task before the working memory task and the other half received the working memory task before the attention task. (All these variables were also counterbalanced across order of drug exposure.) Equipment EEG data were acquired with a Grass Neurodata Acquisition System ® with Model 12A5 amplifiers. The computer used for data acquisition was a Dell Optiplex ® GX1 with a Dell Ultrascan ® 1000 HS series monitor (refresh rate was 85 Hz). The button box was manufactured at the University of Minnesota. The dimensions of the box were 9 ϫ 5.5 ϫ 2 cm. The diameter of each button was 0.8 cm and the distance between the two buttons was 2.5 cm. Cortisol Measure and Analysis . The following procedure was used to obtain the salivary cortisol measures. Participants chewed a piece of Trident ® Original flavor gum, and then gently blew their saliva through a short straw into a cryovial. Saliva samples were then stored at -20 Њ C until they were assayed for cortisol levels at the Endocrine Lab at Fairview University Medical Center. Samples were assayed using the CIBA Magic Cortisol Assay RIA kit, utilizing antibody covalently bound to magnetic particles (Kirschbaum et al. 1989) . Interand intra-assay coefficients of variation were less than 13%. Each sample was assayed in duplicate in the same assay batch. The Pearson r correlation between duplicates was 0.997 within the cortisol condition and 0.992 for the placebo condition.
A mean of the two assays for each sample was derived and a repeated measures univariate analysis of variance (ANOVA) was carried out to examine salivary cortisol across drug condition (hydrocortisone and placebo) and time (baseline, middle and end). Multiple comparisons with Bonferroni corrections were then used to locate specific effects.
Analysis of Subjects' Belief That They Were Given Hydrocortisone . At the completion of each visit, subjects were asked whether they thought they took hydrocortisone. Since subjects' responses to this question in their second visit could be influenced by their response in the first visit (i.e., the responses were not independent), only responses in their first visit were analyzed. A chi-square was used to determine whether subjects were aware of when they took the hydrocortisone.
Behavioral Measures and Analyses . Button press accuracy and reaction time were the behavioral measures for all tasks. Paired t -tests and ANOVAs were conducted to examine the effects of hydrocortisone for each task and measure.
ERP Measures and Analyses. EEG activity was recorded from 28 tin electrodes that were embedded in an elastic cap. Placement of the electrodes was based on an adaptation of the international 10-20 system (Jasper 1958 ) with 9 additional electrodes added to provide fuller coverage. Specifically, electrodes were recorded from, Fz, Pz, Cz, POz, F3/4, F7/8, AF3/4, FC5/6, FC1/ 2, C4/3, T3/4, T5/6, CP5/6, P3/4, PO3/4, and O1/2. In addition, data were acquired from each mastoid (A1/2) and eye activity was monitored with electrodes placed vertically above and below one eye. All scalp electrodes were referenced to Cz and then algebraically re-referenced to an average mastoid.
The EEG was amplified (50 k) and filtered (halfamplitude bandpass 0.1-30 Hz and 60 Hz notch filter) for all electrodes. The EEG was continuously digitized at 200 Hz and electromyographic artifact that exceeded 100 V was rejected before averaging. Due to an inadvertent programming error, the working memory with objects task was sampled at 250 Hz. This was done with all subjects in all conditions. No analyses were carried out to compare this task with any other task. Therefore, no comparisons were made across different sampling rates.
Mean amplitudes were referred to a 100 ms prestimulus baseline period. For the analyses electrodes were grouped by their position on the scalp. The groups were as follows: Fz, F3, F4, F7, F8, AF3 and AF4 comprised the frontal group; Cz, FC1, FC2, FC5, FC6, C3 and C4 were the central group; Pz, P3, P4, CP5, CP6 represented the parietal group; and POz, PO3, PO4, O1 and O2 were the occipital group. As is standard with ERP studies (e.g., Smith 1993; Nielsen-Bohlman and Knight 1995; Düzel et al. 1997; Schnyer et al. 1997 ) only trials with correct button presses were included in the analysis. The following windows were used for analysis to capture the ERP components of interest for each task. In the short-term and long-term memory tasks, the windows were 350-450 ms (N400) and 600-1000 ms (P600). The window for the working memory tasks was 250-600 ms (P3b). For the attention task, the window was 200-700 (P3b). Separate repeated measures univariate ANOVAs with Greenhouse-Geisser corrections (when necessary) were carried out on mean amplitudes within the entire window for drug (placebo or hydrocortisone), stimulus condition (new or repeated for the short-term and long-term memory tasks and target or nontarget for the working memory and attention tasks), and electrode. All multiple comparison tests used Bonferroni corrections and the simple effects tests used a pooled error term from the interaction and the main effect of interest.
Blood Pressure, Pulse Measure and Their Analyses . Blood pressure and pulse were monitored with a sphygmomanometer (Colin Press-Mate; Medical Instruments Corp; Model BP-8800C). A univariate repeated measures ANOVA was conducted with the factors of drug and time to determine whether there were any effects of hydrocortisone on these measures.
Analysis of the Relation between the Physiological and Behavioral Measures . In order to examine the relation between ERPs and behavior, correlational analyses were conducted. Pearson r correlational analyses were used with the P600 component at STM and behavioral performance at LTM within the two drug conditions.
RESULTS
Additional figures and the tables with the values from the analyses appear in the online version of this article at www.acnp.org/citations/Npp100101178.
Salivary Cortisol
Hydrocortisone increased salivary cortisol levels (Figure 1 ). An ANOVA revealed a main effect of drug, F 1,23 ϭ 74.278, p Ͻ .001 and follow-up tests with Bonferroni corrections showed that there was not a significant difference at baseline, p ϭ .981, but significant differences were found at Time 1, p Ͻ .001 and Time 2, p Ͻ .001.
Subjects' Belief That They Were Given Hydrocortisone . A chi-square was conducted on the subjects' response to whether they took the drug. Subjects were not able to determine whether they received the hydrocortisone vs. the placebo, 2 (2) ϭ 2.250, p ϭ .325. Behavioral Data . Results for behavioral accuracy are presented in Table 1 . Hydrocortisone led to a decrease in performance in the face recognition memory task following the long delay, but not the short delay. Meanwhile, there were no alterations from hydrocortisone in recognition memory for objects following the short and long delays, and no effects were detected in working memory or attention. The reaction time data are presented in Table 2 . While stimulus affected reaction time in some of the tasks, there were no effects of drug and there was no drug and stimulus interaction.
Electrophysiological Data
Short-term Face Recognition N400 . The N400 is typically manifested over the central and sometimes the frontal leads. Therefore, analyses were confined to those regions. There was a significant effect of stimulus on the N400 (novel stimuli were associated with greater negative deflections) over the central leads, but there was no effect of drug and there was no drug and stimulus interaction.
Short-term Face Recognition P600 . As shown in Table 3, there was an interaction of drug and stimulus on the P600. Specifically, as is illustrated in midline lead waveforms (Figure 2 ), difference waveforms ( Figure 3 ) and interaction graphs (Figure 4) , hydrocortisone increased the response to novel stimuli on the frontal leads. In the more posterior leads, hydrocortisone was associated with a decrease in the response to repeat stimuli Long-term Face Recognition P600 . While this task elicited a P600 that was maximal at approximately 700 ms, no significant differences were found for drug or stimulus and, unlike the P600 in the test of short-term memory, there was not a significant interaction.
Short-term Object Recognition N400. As with the faces for this component, there was no effect of drug and there was no drug and stimulus interaction for the N400, but there was an effect of stimulus over both the frontal and central leads. Moreover, using Bonferronicorrected tests on stimuli, it was revealed that the novel stimuli elicited a larger negative component than the repeat and the similar stimuli (images that were similar to repeats, but somewhat different).
Short-term Object Recognition P600. Examination of the P600 in the short-term object recognition task showed that there was no effect of drug, nor was there a drug and stimulus interaction, but there was an effect of stimulus. Contrary to expectations, novel stimuli elicited a greater response than the repeats in the frontal leads, but posthoc analysis with the three types of stimuli were not significant. Typically, the P600 is greater to repeated stimuli and is thought to be maximal over the parietal leads.
Long-term Object Recognition P600. As with the test of short-term memory with objects, there was no effect of drug and there was no drug and stimulus interaction in the P600. However, the effect of stimulus was significant. In particular, repeat and similar stimuli elicited significantly larger P600s than the novel stimuli over frontal, central and parietal leads.
Working Memory for Faces. The working memory for faces task elicited a P3b component that was maximal over the parietal leads and was greater to target than nontarget stimuli. There was no effect of drug, nor was there a drug and stimulus interaction; only the effect of stimulus (target and nontarget) was significant. In particular, the presentation of target stimuli (stimuli that were the same as ones presented two trials before) evoked larger P3b responses.
Working Memory for Objects. A similar pattern of results was found for working memory for objects as for faces. No significant effects were found from drug and there was no interaction between drug and stimulus, but the stimulus did modulate the ERP response in the central and parietal leads. Specifically, trials with target stimuli led to larger P3b components. However, unlike the working memory for faces task, no differences due to stimulus were found in the frontal leads. Attention. The ERP component of interest in the attention task was the P3b. This component was maximal over the parietal leads and the peak amplitude occurred at approximately 400 ms. As with the behavioral data, analyses on the two phases of the attention task were conducted separately. In both Attention 1 and 2, there was no effect of drug and there was no drug and stimulus interaction, but there was an effect of stimulus for Summary of the Electrophysiological Results. Hydrocortisone altered the ERP waveforms in the face recognition memory task following the short delay. In particular, there was a significant interaction of drug and stimulus, whereby hydrocortisone led to increased activation to novel stimuli in the frontal leads and a decreased response to repeat stimuli in more posterior leads. Furthermore, while significant effects in ERPs were found due to stimulus in recognition memory for objects, working memory and attention, hydrocortisone did not alter the ERP response in these tasks.
Pulse and Blood Pressure. The means and standard deviations for blood pressure and pulse are presented in Table 4 . There were no effects from the hydrocortisone on pulse, F 1,23 ϭ 0.001, p ϭ .977, but the effect of time was significant, F 2,46 ϭ 3.431, p Ͻ .05. In contrast, an ANOVA revealed a significant effect of hydrocortisone on systolic blood pressure, F 1,23 ϭ 4.796, p Ͻ .05. However, in examining the means, it appears likely that this main effect of hydrocortisone was due to a difference that existed at baseline. Consequently, using an analysis of covariance, the effect of baseline was partialed out and there was no effect of hydrocortisone on systolic blood pressure, F 1,21 ϭ 0.097, p ϭ .759. In addition, there was a significant effect of time for systolic blood pressure, F 2,46 ϭ 15.908, p Ͻ .001. For diastolic blood pressure, there was no effect of hydrocortisone, F 1,23 ϭ 0.456, p ϭ .506, but time was once again significant, F 2,46 ϭ 21.131, p Ͻ .001.
PANAS. No significant differences were found from drug in subjects' responses to negative emotionality, 
Examination of Relations between Physiological and Behavioral Measures
Pearson r correlations were conducted between the mean amplitude of the P600 over the parietal lobe (where the P600 is maximal) at the test of STM for repeat stimuli and behavioral accuracy on the LTM task for faces. The P600 at STM significantly correlated with the correct identification of repeat faces at the long delay in the drug and placebo conditions. Specifically, the correlation in the placebo condition was r ϭ 0.534, p Ͻ .01 and the correlation in the hydrocortisone condition was r ϭ 0.426, p Ͻ .05.
DISCUSSION
The results from both the behavioral and ERP measures indicate that hydrocortisone altered the processing of explicit memory. Hydrocortisone led to impairments in face recognition following a 30-min delay. Also, with hydrocortisone, there were alterations in the P600 response in the face recognition task following a short delay (6-18 s). In particular, hydrocortisone was associated with greater activation to novel stimuli over the frontal lobe and reduced activation to repeated stimuli in more posterior regions of the scalp. However, contrary to the predictions, no alterations were found in the P600 after the long delay with faces, hydrocortisone was not associated with alterations in the N400 component, and the steroid did not alter behavioral performance or ERPs in explicit memory for objects. Meanwhile, hydrocortisone did not lead to any changes in the behavioral performance or ERPs in the other tasks (working memory and attention) and, finally, the drug exposure did not influence blood pressure, pulse or mood as measured by the PANAS.
In support of the validity of these ERP paradigms, significant differences were also found between stimuli. In the STM task for face and object recognition, the N400s showed a greater negativity for novel stimuli than repeat stimuli. In addition, LTM with objects, the P600 was greater for repeat stimuli. Meanwhile, target stimuli in working memory and attention elicited greater P3b components than nontarget stimuli. However, in contrast to expectations, there was no effect of stimulus type on the P600 for faces at STM or LTM, and the P600 at STM for objects was greater to novel than repeat stimuli.
Since explicit memory and the P600 are linked to the hippocampus (Düzel et al. 2001; Fernández et al. 1999 ; Grunwald et al. 1999) , these results are consistent with previous investigations indicating that glucocorticoids affect hippocampal function. The pattern of the P600 component was particularly interesting. Hydrocortisone led to a decreased response to repeat stimuli over the parietal lobe, while the drug was associated with an increased response to novel stimuli over the frontal region (Figures 2-4) . Since the P600 is typically manifested as an enhanced response to repeat relative to novel stimuli over the parietal area (e.g., Paller et al. 1999) , the effect of hydrocortisone on novel stimuli over the frontal lobe was unanticipated. The neural activity underlying this ERP pattern may serve an adaptive function. During a stressful event, it may be more important for an organism to detect novelty than to recognize previously seen stimuli. Therefore, with high levels of cortisol circulating, the nervous system may differentially respond to novelty at the cost of reduced activity to repeat stimuli. Another noteworthy finding to emerge from these data is that hydrocortisone altered the ERP response only at the test of short-term memory (6-18 s delay), but behavioral performance was not affected until the test of long-term memory. Perhaps the ERPs detected a neural dysfunction early in the encoding and consolidation phases that could not be behaviorally measured until the more challenging evaluation of memory was given: the long-term memory test. In support of the assertion that the P600 at the short-term memory test is related to behavioral recognition memory performance at the long delay, these two measures correlated in both the placebo and hydrocortisone conditions. However, one recent study found that 25 mg of cortisone only impaired recall memory for words when the drug was given prior to test of long-term memory and not when administered prior to or immediately following learning (de Quervain et al. 2000) . In addition, no impairments were found in recognition memory. The authors conclude that cortisone may impair retrieval, but not encoding or consolidation. The present study was not designed to separate the effects of hydrocortisone on encoding and retrieval. It is possible that the behavioral effects found in the present study are due to impairments in retrieval at the 30-min delay. Nevertheless, since the present study documents memoryrelated ERP alterations during early memory processing, these results suggest that hydrocortisone may also affect mnemonic functioning before retrieval. de Quervain et al. (2000) used words and, therefore, it is possible that these discrepant results may be due differences in stimuli. Complex stimuli such as faces may recruit neural structures that are affected by cortisol prior to retrieval.
Meanwhile, hydrocortisone was predicted to decrease the response of the N400 to novel stimuli in the short-term memory tasks for faces and objects. While novel stimuli led to greater N400 responses in the face and object recognition tasks in the present study, hydrocortisone did not influence this component. Using indwelling electrodes, Guillem and colleagues found that the hippocampus was involved in the propagation of the N400 (Guillem et al. 1998) . However, other studies reported that it was the parahippocampus and not the hippocampus proper that generated the N400 (Grunwald et al. 1998; Fernández et al. 1999) . Moreover, in a recent study it was found that an individual with bilateral hippocampal and parahippocampal damage exhibited a normal N400 (Düzel et al. 2001 ). Thus, it is possible that hydrocortisone led to decreased hippocampal functioning without altering the N400. Conversely, it is also conceivable that the N400 emerges from fibers in the hippocampus that hydrocortisone does not affect.
While the findings that hydrocortisone impaired explicit memory and possibly the hippocampus are consistent with previous investigations, several studies with patients and monkeys revealed that chronically high levels of cortisol are associated with deficits in attention (Mauri et al. 1993; Lupien et al. 1994; Gurvits et al. 1996) . What might account for these contradictory findings? Cortisol may exert different pathophysiological effects depending on the duration of exposure. In particular, cortisol may not affect attention along with their neural correlates immediately. Instead, in order for these processes to be affected, cortisol may alter the functioning of other neuromodulators over a long period of time and, in turn, these neuromodulators affect attention.
In a recent investigation, an acute exposure of hydrocortisone to healthy individuals led to impaired working memory, but no alterations in explicit memory (Lupien et al. 1999) . The reason why deficits in explicit memory were not found may be because the measure lacked sensitivity. Only 12 word pairs (6 related and 6 unrelated pairs) were given for stimuli and subjects appear to have performed near ceiling for recall of the related items. In addition, the disparity in the effects on working memory in the present study and Lupien's work may be due to differences in the dose of hydrocortisone administered. In Lupien et al. (1999) , participants received 0.040, 0.300 or 0.600 mg/kg per hour for 1 h and 40 min. Therefore, an individual weighing 70 kg would receive a total of 4.67, 35 or 70 mg of hydrocortisone, respectively. In addition, the study by Lupien and colleagues was conducted in the morning, a time of circadian cortisol peak. In contrast, all subjects in the present study received 30 mg of hydrocortisone and it was conducted in the afternoon, a period when lower levels of cortisol are present. In the work by Lupien et al. (1999) , only subjects who received the highest dose demonstrated working memory impairments. Thus, in order to adversely affect working memory, it may be necessary to administer high doses of hydrocortisone.
The effects of glucocorticoids on memory have been more systematically examined in rodents and, therefore, these studies may more precisely reveal the mechanisms that underlie these alterations. Roozendaal and colleagues demonstrated that glucocorticoids' modulation of memory function in rats involves noradrenergic influence in the basolateral nucleus of the amygdala (BLA) as well as the stria terminalis (Roozendaal & McGaugh, 1996; Roozendaal et al. 1999) . The BLA-mediated effects of memory occur even when the hippocampus is the location of steroid infusion (Roozendaal et al. 1999) . Furthermore, consistent with de Quervain and colleagues' human work described above (de Quervain et al. 2000) , rats were impaired in retrieval memory for a water maze when corticosterone was administered 30 min before test (de Quervain et al. 1998) . In humans, further work must be done to clarify which stages of memory and neural structures glucocorticoids modulate. Through the use of behavioral work that isolates the effects of the drug on memory stage, examination of patients with lesions to areas such as the amygdala and the use of functional imaging, the effects of cortisol on memory and neural functioning in humans may be more precisely identified.
Limitations of the Present Investigation
One shortcoming with these procedures is that the tasks were not always counterbalanced across duration of drug exposure. Specifically, while face and object stimuli were counterbalanced with one another and working memory and attention were also counterbalanced, a short-term memory task always preceded a working memory and attention task. In addition, a short-term memory task, by necessity, preceded a longterm memory task. Thus, while the salivary cortisol levels were elevated during and following the cognitive tasks, variations in cortisol levels within the brain may account for the differential effects on cognition and ERPs. Nevertheless, these results indicate that cortisol impairs explicit memory. By more systematically examining the effects of hydrocortisone on working memory and attention, future research may be able to more precisely determine whether this steroid affects these cognitive processes.
Summary
The behavioral and ERP results from the present study indicate that an acute exposure to hydrocortisone impairs explicit memory. Behaviorally, participants performed significantly worse in the test of long-term face recognition when exposed to hydrocortisone than with the placebo. The ERPs were only affected in the shortterm recognition memory task for faces. Moreover, both explicit memory and P600 are linked to hippocampal function. Finally, the present investigation did not reveal effects of hydrocortisone on working memory or attention as measured by behavioral performance and ERPs.
